It has been suggested that increasing levels of shear stress could modify endothelial permeability. This might be critical in venous grafting and in the pathogenesis of certain vascular diseases. We present a novel setup based on impedance spectroscopy that allows online investigation of the transendothelial electrical resistance (TER) under pure laminar shear stress. Shear stress-induced change in TER was associated with changes in cell motility and cell shape as a function of time (morphodynamics) and accompanied by a reorganization of catenins that regulate endothelial adherens junctions. Confluent cultures of porcine pulmonary trunk endothelial cells typically displayed a TER between 6 and 15 ⍀cm 2 under both resting conditions and low shear stress levels (0.5 dyn/cm 2 ). Raising shear stress to the range of 2 to 50 dyn/cm 2 caused a transient 2% to 15% increase in TER within 15 minutes that was accompanied by a reduction in cell motility. Subsequently, TER slowly decreased to a minimum of 20% below the starting value. During this period, acceleration of shape change occurred. In the ensuing period, TER values recovered, reaching control levels within hours and associated with an entire deceleration of shape change. A heterogeneous distribution of ␣-, ␤-, and ␥-catenin, main components of the endothelial adherens type junctions, was also observed, indicating a differentiated regulation of shear stress-induced junction rearrangement. Additionally, catenins were partly colocalized with ␤-actin at the plasma membrane, indicating migration activity of these subcellular parts. Shear stress, even at peak levels of 50 dyn/cm 2 , did not cause intercellular gap formation. These data show that endothelial monolayers exposed to increased levels of laminar shear stress respond with a shear stress-dependent regulation of permeability and a reorganization of junction-associated proteins, whereas monolayer integrity remains unaffected. (Lab Invest 2000, 80:1819 -1831.
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Physiologie (FL, H-JS) , Dresden, Germany SUMMARY: It has been suggested that increasing levels of shear stress could modify endothelial permeability. This might be critical in venous grafting and in the pathogenesis of certain vascular diseases. We present a novel setup based on impedance spectroscopy that allows online investigation of the transendothelial electrical resistance (TER) under pure laminar shear stress. Shear stress-induced change in TER was associated with changes in cell motility and cell shape as a function of time (morphodynamics) and accompanied by a reorganization of catenins that regulate endothelial adherens junctions. Confluent cultures of porcine pulmonary trunk endothelial cells typically displayed a TER between 6 and 15 ⍀cm 2 under both resting conditions and low shear stress levels (0.5 dyn/cm 2 ). Raising shear stress to the range of 2 to 50 dyn/cm 2 caused a transient 2% to 15% increase in TER within 15 minutes that was accompanied by a reduction in cell motility. Subsequently, TER slowly decreased to a minimum of 20% below the starting value. During this period, acceleration of shape change occurred. In the ensuing period, TER values recovered, reaching control levels within hours and associated with an entire deceleration of shape change. A heterogeneous distribution of ␣-, ␤-, and ␥-catenin, main components of the endothelial adherens type junctions, was also observed, indicating a differentiated regulation of shear stress-induced junction rearrangement. Additionally, catenins were partly colocalized with ␤-actin at the plasma membrane, indicating migration activity of these subcellular parts. Shear stress, even at peak levels of 50 dyn/cm 2 , did not cause intercellular gap formation. These data show that endothelial monolayers exposed to increased levels of laminar shear stress respond with a shear stress-dependent regulation of permeability and a reorganization of junction-associated proteins, whereas monolayer integrity remains unaffected. (Lab Invest 2000 , 80:1819 -1831 . E ndothelial cells of the arterial and venous system display different phenotypes, which are thought to be largely influenced by hemodynamic forces. Shear stress, in particular, changes endothelial morphology in vivo and in cell culture models. Endothelial cells of the venous system are polygonal in shape and do not display a preferred orientation. In the arterial system, endothelial cells are elongated and align in the direction of flow. Additionally, endothelial cells of veins transposed into the arterial system undergo a shape change resulting in cellular alignment (Flaherty et al, 1972; Langille and Adamson, 1981; Levesque et al, 1986; Nerem, 1992; Okano and Yoshida, 1993; Yoshida and Sugimoto, 1996) . In vitro, cultured endothelial cells normally display a venous-like morphology under static conditions, even when derived from the arterial system (Remuzzi et al, 1984) . Endothelial cells exposed to hemodynamic forces have a more arteriallike morphology (Dewey et al, 1981; Eskin et al, 1984) . They also have an increased expression of structural components, such as actin filament stress fibers (De Chastonay et al, 1983; Franke et al, 1984; Schnittler et al, 1989; Wong et al, 1983 ) and of vimentin intermediate filaments (Schnittler et al, 1998) . Both filamentous systems are thought to increase the ability of endothelial cells to withstand mechanical forces such as shear stress and wall distension.
Detailed quantitative analyses of shear stress-induced morphologic changes as a function of time (morphodynamics) showed that endothelial cells within confluent cultures pass through different phases (Dieterich et al, 2000) . Phase I corresponds to resting conditions or very low shear stress values, and is characterized by random cell orientation, polygonal cell shape, and a moderate mean migration (locomotion) of the cells (ie, cell centers) that is associated with extended zigzag movements (fluctuations) around the mean locomotion trajectories. Onset of shear stress causes a rapid down-regulation of the fluctuations and a transient increase in locomotion (phase II). After a lag period, cells begin to align (phase III). Finally, cell elongation occurs within hours (phase IV). Morphodynamics of cells within a confluent culture under shear stress require at least a sophisticated regulation of cell-to-cell adhesion, to allow motile activity of the cells relative to each other.
Besides morphodynamic characterization, a shear stress-induced increase in permeability has been shown in cell culture models (DePaola et al, 1992; Waters, 1996; Waters et al, 1996) . However, in situ, increased permeability occurs within sites of low shear stress and flow separation. Arteriosclerotic lesions are typically found at those locations (Caro et al, 1969; Caro and Nerem, 1973; Ku et al, 1985; Yoshida et al, 1995) . In contrast, endothelial adaptation to shear stress (eg, cardiac bypass) and the underlying morphodynamics might be associated with changes in permeability because a rearrangement of cell-to-cell junctions is required for shape change.
Endothelial cells do not display a specific order of junctions. They consist of an extended adherens junction zone in which gap junctions and strands of tight junctions are morphologically inserted (Franke et al, 1988) . The vascular endothelial cadherin (VE-cadherin) and catenin complex is a main component of the endothelial adherens-type junctions that are commonly found in the endothelium of all vascular segments (for review, see Dejana, 1997; Schnittler and Feldmann, 1999) . VE-cadherin and the associated proteins ␣-, ␤-, and ␥-catenin, are connected to the cytoskeleton. This interaction is important for control of endothelial permeability and contact inhibition (for review, see Dejana, 1996; Dejana et al, 1999; Lampugnani and Dejana, 1997) . Chinese hamster ovary cells transfected with C-terminal-truncated VE-cadherin, which is not able to bind catenins, did not respond with changes in paracellular permeability after stimulation (Navarro et al, 1995) . Thus, it was suggested that catenins are crucially involved in the regulation of cell-to-cell adhesion properties in endothelial cells. ␤-catenin and ␥-catenin bind directly to cadherins, whereas ␣-catenin links the cadherin/␤-catenin/␥-catenin complex directly or indirectly via ␣-actinin to actin filaments (Knudsen et al, 1995; Rimm et al, 1995) . ␤-catenin is involved in Wnt growth factor signaling pathways. ␥-catenin is thought to be required for junction maturation , to maintain endothelial integrity under the load of fluid shear stress (Schnittler et al, 1997) , and to maintain integrity of cardiomyocytes in mice (Ruiz et al, 1996) . The role of ␣-catenin has not been addressed in detail, but treatment of cells with pervanadate caused a loss of ␣-catenin from the cadherin/ catenin complex in E-cadherin-expressing K562 cells (Ozawa and Kemler, 1998) . Additionally, there is evidence that the extracellular domain of cadherins as well as N-glycans of VE-cadherin contribute to the organization of the complex at the junctions (Geyer et al, 1999; Yap et al, 1997) .
Because of the importance of shear stress on the development of arterial and venous phenotypes and the importance of cell-to-cell junctions in maintaining endothelial integrity, we investigated changes in barrier function during the early phases of endothelial shear stress adaptation. Here, we introduce a novel setup that allows the determination of electrical resistance of cultured cell monolayers by impedance spectroscopy under fluid shear stress. Furthermore, we show that endothelial cell monolayers respond with a shear stress-dependent graduated regulation of transendothelial electrical resistance (TER), whereas monolayer integrity is maintained. These changes correlated with the shear stress-induced morphodynamic activity of cells and a characteristic reorganization of adherens junction-associated proteins.
Results

TER of Porcine Endothelial Cells
Porcine endothelial cells isolated from pulmonary trunks (PSEC) were seeded onto round glass slides covered with gold electrodes, as illustrated in Figure 1 . Cultures were inserted into the sample mounting support of the cone and plate rheological units. The rotating cone produces defined laminar shear stress levels between 0 and 200 dyn/cm 2 . The setup allows phase-contrast observation and impedance analysis of a cell monolayer under laminar shear stress. The thickness of the electrodes (approximately 0.15 m) is below the height of the cells (between 2 and 3 m), thus, the electrodes do not disturb the laminar flow profile.
Detailed discussions of impedance analysis of cell monolayers cultured on gold electrodes have been given previously Keese, 1984, 1991; Wegener et al, 1996 Wegener et al, , 1999 . The theoretical model used in this paper to describe the electrical properties of the cell-covered electrodes was recently introduced (Wegener et al, 1999) and is illustrated in Figure 2 , together with characteristic impedance spectra obtained from measurements in the absence and presence of a confluent endothelial cell monolayer. We measured the impedance magnitude |Z|, which equals the ratio between the amplitude of an alternating voltage (U 0 ) applied to the system and the amplitude of the associated alternating current (I 0 ) in the frequency range of 10 Hz to 1 MHz. In absence of a cell monolayer, the impedance behavior of the system can be described by a series connection of an ohmic resistor, representing the resistance of the medium (R bulk ), and a constant phase element, which represents the electrode. In the frequency range between 10 kHz and 1 MHz, the overall impedance of the system is determined by the frequency-independent ohmic resistor, whereas at lower frequencies the increasing impedance of the constant phase element predominates. The presence of a cell monolayer completely covering the electrodes significantly increases the impedance in the range between 10 3 Hz and 3 ϫ 10 5 Hz (Fig. 2) . Depending on the applied frequency, the alternating current may flow through the intercellular junctions and/or may traverse the monolayer transcellularly via the plasma membranes. The paracellular path has properties of an ohmic resistor (ie, TER) and is used to determine the tightness of cell-tocell contacts. Depending on the endothelial cell type, TER values of a confluent monolayer may range from 3 ⍀cm 2 up to more than 1000 ⍀cm 2 (Hoheisel et al, 1998; Wegener et al, 1996 Wegener et al, , 1999 . The transcellular path, however, is characterized by the membrane capacitance (see insert in Fig. 2 ). The specific capacitance for a plasma membrane is close to 1 F/cm 2 for most cell types (Cole, 1972) . Thus, with both apical and the basolateral membranes, the theoretical capacitance value for a confluent cell monolayer is approximately 0.5 F/cm 2 (Wegener et al, 1999) . For the described model to be valid, the cell layer must be confluent and have relatively homogenous electrical properties. Subconfluent cultures or monolayers with large gaps between the cells will still influence the impedance spectra (Janshoff et al, 1996) , but if parts of the electrode are uncovered the model can no longer sufficiently describe the electrical properties of
Figure 1.
Scheme of the experimental setup. A cone and plate rheological in vitro system was used to generate defined levels of shear stress on cultured cells. Gold electrodes evaporated onto the surface of glass slides were connected to a computer-controlled impedance analyzer via a relay. Continuous medium exchange was performed through capillaries. The cell layer could be examined by a phase-contrast microscope during shear stress application and images (eg, with time-lapse recording) were recorded automatically. *: counter electrode; 1, 2, 3: measuring electrodes. the monolayer. This is apparent from distinct differences between the form of the measured and the calculated impedance spectra. Under these conditions, the model parameters loose their discussed meanings and the capacitance values become artificially higher than the expected value of approximately 0.5 F/cm 2 . This disparity can be used formally as an indicator for gaps between the cells. Characteristic spectra are depicted in Figure 2 , with different impedance values under resting conditions () and after measured periods of shear stress application. For frequencies between 10 3 Hz and 3ϫ10 5 Hz, fluid shear stress applied over 20 minutes increased |Z|, whereas after 6 hours a decrease in |Z| was observed (Fig. 2) .
TER under Fluid Shear Stress
Confluent cultures of PSEC with TER values between 6 and 15 ⍀cm 2 were inserted into the rheological units ( Fig. 1 ) and medium was exchanged continuously. Cells were exposed to 0.5 dyn/cm 2 for at least 1 hour. Shear stress levels of 0.5 dyn/cm 2 had no significant effect on the TER. Onset of higher shear stress levels (between 2 dyn/cm 2 and 50 dyn/cm 2 ) caused an initial increase in TER after a lag of approximately 2 to 4 minutes. Within approximately 10 minutes, the shear stress-induced increase in TER reached a transient maximum of up to 15% at 50 dyn/cm 2 . This was followed by a decrease in TER, which typically reached a minimum of 5% to 20% below the initial value. A continuous but slow increase in TER typically followed within the next hours. A characteristic experiment is shown in Figure 3a , in which a sheer stress level of 10 dyn/cm 2 was applied to confluent endothelial cells for 10 hours. Additionally, the capacitance and the structural index (SI) of the cell layer were determined (Fig. 3, b and c) . Control cells exposed to 0.5 dyn/cm 2 of shear stress sometimes displayed a slow decrease in TER but did not show shear stressinduced characteristic changes (Fig. 3a) . Interruption of shear stress after 10 hours resulted in an approximately 10% to 15% sudden decrease in TER within minutes (Fig. 4a) . Treatment of cells with 3 mmol/l of EGTA, which leads to calcium depletion ([Ca 2ϩ ] Ͻ 10 -7 mol/l), triggered a rapid decrease in TER to approximately 55% (Fig. 4a) . Because only calciumdependent cell adhesion molecules such as VEcadherin but not calcium-independent adhesion molecules such as platelet endothelial cell adhesion molecule-1 (PECAM-I) dissociate from intercellular junctions with EGTA treatment (Ayalon et al, 1994; Lampugnani et al, 1995; Schnittler et al, 1997) , it is reasonable to assume that the remaining molecules partially maintain the TER and do not lead to a drop to zero. Under physiologic levels of shear stress, capacitance remained constant (Fig. 3b ) even when the shear stress was interrupted. However, treatment of cells with EGTA caused a slight increase in capacitance, from 0.45 F/cm 2 up to approximately 0.65 F/cm 2 (Fig. 4b) .
Shear Stress-Induced Initial Increase in TER
We next focused on the flow-dependent initial increase in TER. We investigated whether the increase in TER was dependent on the shear stress level applied and whether it was reversible. The same Time courses of the TER (a) and capacitance, C (b) after treatment of endothelial cells with shear stress at 10 dyn/cm 2 for approximately 10 hours (compare with Figure 3 ) and EGTA. After 745 minutes, the shear stress was turned off, which decreased the TER, but capacitance remained constant. Application of 3 mmol/l of EGTA caused a further decrease in TER.
confluent endothelial cell cultures were exposed to periods (24 minutes, corresponding to 10 impedance spectra) of shear stress levels in the range of 2 to 50 dyn/cm 2 . Each period was interrupted by 24-minute periods of a low shear stress level (0.5 dyn/cm 2 ). This low level did not cause changes in endothelial permeability or cellular structure. As shown in Figure 5 , a and b, each level of shear stress initiated a characteristic time course of TER changes. Whereas shear stress levels of 5 dyn/cm 2 induced only a 5% increase in TER within 18 to 20 minutes, levels up to 50 dyn/cm 2 displayed an approximately 15% increase in TER within 10 minutes. Changes in TER were also correlated with changes in fluctuations and SI (Fig. 5, c and  d, see below) . A detailed analysis of the shear stressdependent changes in TER is shown in Figure 6 . In addition to data already shown in Figure 5 , decreasing shear stress levels were applied to the same culture. Shear stress levels of 2 dyn/cm 2 initially increased the TER, even after several periods of higher shear stress. When changes in TER were plotted as a function of time, a shear stress-dependent maximum was observed (Fig. 6a) . This was also illustrated by plotting the quotient TER max /TER 0 as a function of the shear stress level (Fig. 6b) . Furthermore, the period required to reach a particular maximum was inversely correlated with the applied flow (Fig. 6c) . Reduction of the shear stress to 0.5 dyn/cm 2 caused a decrease in TER within 5 to 10 minutes. These data confirm the concept that the observed increases in TER are directly dependent on the presence of shear stress. Moreover, there was a graduated TER response that followed a characteristic time course. Thus, a quick and graduated regulation of cell-to-cell junctions is required.
Correlation of Shear Stress-Induced Changes in TER with Morphodynamic Parameters
Recently we described a novel rheological setup and novel software, also used in the present study, that can be used to analyze morphodynamic parameters (Dieterich et al, 2000) . Morphodynamics are defined as changes in cell motility, cell orientation, and cell elongation, as functions of time. Cell motility, in particular, was discovered to be composed of two phenomena. The onset of shear stress caused both a decrease of random cellular zigzag movement (fluctuations of cell centers), typically observed under resting conditions, and an increase in directed cell locomotion. Additionally, heterogeneous behaviors were observed for individual endothelial cells within confluent monolayers. These data suggest that cell-to-cell junctions might significantly influence the motility of endothelial cells under shear stress. Thus, we correlated shear stressinduced changes in TER with changes in SI and changes in migration activity (fluctuations). Timelapse recording of phase contrast images was performed during shear stress exposure on the same cells that are shown in Figures 3, 5 , and 6. The SI was used to quantitatively describe the cell shape. A perfectly round cell is characterized by a SI of 1, whereas elongated cells have lower values. Shear stress leads to cell elongation and this process may require more than 24 hours (Levesque and Nerem, 1985) . In Figure 3c , the shear stress-induced change in SI is plotted as a function of time. After a delay of approximately 1 hour, SI decreased continuously within 4 hours and was accompanied by a decrease in TER. Subsequently, the decrease of SI was less pronounced and the TER began to recover. Although changes in cellular shape may not have been completed within the 10 hour observation period, shape change requires a reorganization of cell-to-cell junctions and thus may lead to a reduced TER. Shear stress-induced changes in TER also seem to be related to changes in cell motility. We recently investigated the change in cell motility under fluid shear stress and found that mean velocities of cell locomotion increased whereas spatial fluctuations around the mean cell paths decreased (Dieterich et al, 2000) . The periodically applied shear stress levels caused characteristic changes in TER that directly corresponded with changes in fluctuations (Fig. 5, a, b, and  c) . Because of the shortness of the time periods when the shear stress was applied, the SI did not change significantly (Fig. 5d) . 
Distribution of Catenins under Fluid Shear Stress
Experiments on PSEC revealed a shear stress-dependent change in physiologic parameters such as TER, cell motility, and SI. We further investigated the morphologic appearance of cell-to-cell junctions by immunocytochemical assays for catenins, which are thought to be causally involved in regulation of cellto-cell junctions. We used peak shear stress levels of 50 dyn/cm 2 to uncover potential disturbances to the catenin distribution under shear stress. PSEC exposed to shear stress levels up to 50 dyn/cm 2 typically developed stress fibers (data not shown) as described for human umbilical vein endothelial cells (Franke et al, 1984) . After 10 minutes of shear stress exposure, PSEC did not display marked differences in the distribution of ␥-, ␤-, and ␣-catenin compared with untreated controls (Fig. 7, a and a 1 ) . However, after 1 hour, some indications of heterogeneity in the immunofluorescence pattern were observed (Fig 7, b and b 1 ). After 3 to 5 hours, wide overlapping areas and small continuous bands only partly interrupted along the cell-to-cell junctions were observed. By this time, cells had started to elongate (Fig. 7, c and c 1 ) . No gap formation was observed after 5 hours, at the time when the TER usually had reached its minimum. Higher magnification revealed the continuity of the cell-to-cell junctions and the presence of both ␤-and ␥-catenin (Fig. 8, a and a 1 ) and ␣-catenin (data not shown). Additionally, under resting conditions we observed a catenin superstructure already described for VE-cadherin in human endothelial cells (Geyer et al, 1999) in PSEC (Fig. 8c) . Shear stress exposure caused a reduced extension of this structure (Fig. 8) .
Based on the heterogeneity observed in motility between adjacent cells (Dieterich et al, 2000) , we assumed that small nonoverlapping areas of catenin immunoreactivity represented areas of cell motility. Therefore, we investigated the expression of ␤-actin, which occurs at leading edges of individual nonconfluent cells (Hoock et al, 1991) . A colocalization was observed between ␤-catenin (Fig. 9, a and b) and ␤-actin (Fig. 9, a 1 and b 1 ) at junctions of small catenin bands. In these areas, stress fiber formation was rare, whereas in areas displaying overlapping cell-to-cell junctions, stress fiber formation was prominent (Fig. 9,  b and b 1 ) . These data show a heterogeneous reorganization of cell-to-cell junctions under shear stress within the same cells. Consistent with only small variations in transendothelial resistance during shear stress exposure, we did not observe formation of intercellular gaps or a loss of catenins from the junctions under physiologic levels of laminar fluid shear stress under 50 dyn/cm 2 within the investigated periods of time.
Discussion
We described a novel experimental setup to monitor endothelial barrier function under defined levels of laminar fluid shear stress. We investigated shear stress-induced changes in TER and found a correlation with cellular morphodynamics. Catenins, a major Shear stress-dependent change in TER. a, Different levels of shear stress were applied to the same confluent culture of porcine endothelial cells (PSEC) for 24-minute periods and subsequently interrupted for 24 minutes, as indicated. The normalized TER is plotted as a function of time. Filled symbols represent shear stress levels that were applied in an increased order (inc) from 5 to 50 dyn/cm 2 . Open symbols represent shear stress levels applied in a decreased order (dec). b, The maximal increase in TER is strongly dependent on shear stress. c, The time needed to reach the maximal TER inversely correlated with the shear stress level applied.
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component of adherens-type junctions, were also redistributed.
Endothelial Cells Display a Shear Stress-Dependent Change in TER
Increases in TER were strongly dependent on shear stress and completely reversible even with repeated applications to the same cells (Fig. 5) . Additionally, a characteristic decrease followed the initial increase in TER. The molecular mechanisms underlying these characteristic changes remain unknown. However, there are several possibilities by which regulation can be mediated. Nucleotides such as ATP, ADP, and UTP have been shown to reduce endothelial permeability (Noll et al, 1999) . Shear stress causes a release of ATP from endothelial cells, thus this might be a mechanism leading to an initial increase in TER through activation of purinergic receptors (Burnstock, 1999; Shen et al, 1992 Shen et al, , 1993 , which might induce changes in barrier function. Therefore, we added ATP to our cell cultures and found a dose-dependent increase in TER that was saturated at 10 mol/l of ATP (data not shown). Moreover, evidence indicates that nitric oxide (NO) decreases endothelial permeability (Suttorp et al, 1996; van Hinsbergh, 1997) and shear stress causes activation of NO synthase (Yuan et al, 1992) . Additionally, mechanisms acting via cAMP and cGMP might be sufficient to change cellular permeability (Ohno et al, 1993; Reich et al, 1990; Wegener et al, 1999) even under shear stress (for review, see van Hinsbergh, 1997) . However, the detailed signaling mechanisms leading to an increase in TER under shear stress must be determined.
Moderate shear stress-induced changes of TER (not exceeding 20%) do not seem sufficient to be a pathogenic risk for the development of vascular impairments such as arteriosclerosis. The constant capacitance serves as an internal control, indicating the absence of large intercellular gap formation. In our hands, shear stress-induced gap formation was only observed when subconfluent cultures were used (data not shown). PSEC cultures are assessed as confluent when the cell density reaches approximately 1.2 to 1.4 ϫ 10 3 cells/ mm 2 . Cell cultures that completely cover the culture surface without forming a polygonal cobblestone pattern display cell areas that are two to three times larger than cobblestone-like endothelial cells. These cells characteristically display gap formation under shear stress. Another possibility to get shear stress-induced formation of interendothelial gaps is the presence of disturbed flow profiles. Disturbed shear stress profiles in cell culture models cause disorganization of endothelial integrity by 
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gap formation and loss of the cells from the substrate (Davies et al, 1986; DePaola et al, 1992) . These and the presented data agree with the development of arteriosclerotic lesions in areas of disturbed but not laminar flow profiles in situ.
Shear Stress-Induced Changes in TER Correlates with Morphodynamics
The physiologic changes in TER correlate with changes in cellular morphodynamics. As shown in Figure 5 , the initial increase in TER was associated with an inhibition of fluctuations (random zigzag movements of the cells that are typically present under resting conditions) (Dieterich et al, 2000) . Therefore, the shear stress-induced initial decrease in fluctuations might represent stabilization of cell-to-cell junctions leading to the increase in TER. The subsequent decrease of the TER occurred after a period of approximately 10 to 20 minutes and was accompanied by a change in the SI showing a shear stress-induced change in cell shape (Fig. 3) . We recently reported a heterogeneous cell motility of individual cells within confluent cultures of endothelial cells even in the presence of shear stress (Dieterich et al, 2000) . These observations and the presented data suggest that the cell-to-cell adhesion must be weakened before cells can move relative to each other.
Reorganization of Cell-To-Cell Junctions under Shear Stress Is Heterogeneous within Individual Cells in Confluent Cultures
In vivo tight junctions are thought to be the primary site of permeability control. Yoshida et al (1995) dem- onstrated that tight junctions are strongly expressed in endothelial cells that are exposed to high laminar shear stress, but less pronounced in areas with low shear stress. In vitro, under ordinary culture conditions, tight junctions are either poorly developed in macrovascular endothelial cells or are completely lacking (Craig et al, 1998; Yoshida et al, 1995) . Recently, an increase in tight junction formation was reported for cultured endothelial cells after 24 to 48 hours of shear stress exposure (Yoshida et al, 1995) . However, in the present paper we focussed on early events of shear stress adaptation with respect to monolayer integrity. The influence of shear stressinduced tight junction formation on TER should be the subject of future investigations.
Shear stress-induced morphodynamics of individual cells within confluent cultures is heterogeneous, especially with respect to cell locomotion relative to other cells (Dieterich et al, 2000) . This heterogeneity may correspond to the heterogeneous distribution of catenins after shear stress (compare Fig. 7 with Fig. 9 ). ␤-actin was codistributed with ␤-catenin and closely associated with the cell borders. Within these subcellular areas, stress fibers were absent. Therefore, we assume that there is migration activity at these subcellular sites. This distribution of ␤-actin, close to the junctions within a subcellular stress fiber-free area, is consistent with the concept that ␤-actin drives the formation of leading edges, as previously described (Hoock et al, 1991) . In contrast, overlapping areas of junctions displayed stress fibers that are assumed to increase cellular adhesion to the substrate and reduced motility at these sides (Hoock et al, 1991) . Based on the presented results, we propose that ␤-actin also drives leading edge-like plasma membrane protrusions of cells within confluent cultures.
Laminar Shear Stress Does Not Disturb Endothelial Integrity
Shear stress induces a reorganization of cell-to-cell contacts and of cytoskeletal components. As shown in Figures 7 and 9 , this process took place without any visible gap formation between the cells, which indicates a differentiated regulation of the cell-to-cell junctions in culture. In vivo, endothelial cells rest on a basement membrane that supports cell integrity and adhesion more sufficiently than substrates used in culture. Although the presented experiments were performed in a cell culture model, they show that even high levels of laminar shear stress do not markedly disturb endothelial integrity.
Although data exist describing the role of catenins in intercellular adhesion, the regulation is not fully understood. However, ␥-catenin (Fig. 7) seems to play an important role in the maintenance of endothelial integrity during rearrangements of the cell junctions. Inhibition of ␥-catenin synthesis by microinjection of antisense oligonucleotides in cultured human and PSEC produced dramatic dissociations of the junctions under physiologic levels of shear stress but not under resting conditions (Schnittler et al, 1997) . Also, targeted mutations or knockout of ␥-catenin in mice caused disruption of desmosomes in skin epithelium and myocardium (Bierkamp et al, 1996; Ruiz et al, 1996) . These results are consistent with the concept that the presence of ␥-catenin at the junction complex is required to protect the cell layer from hyperpermeability and gap formation during morphologic changes of endothelial cells.
Recently, a shear stress-induced transient gap formation was reported for cultured porcine aortic endothelial cells at 15 dyn/cm 2 after 8.5 hours, whereas ␥-catenin was present at the junctions but a loss of ␥-catenin expression was observed after 24 hours. Surprisingly, this loss was not associated with gap formation (Noria et al, 1999) . In the present study, we performed online registration of paracellular resistance in the presence of shear stress and a gap formation would be accompanied by a drop in TER. This was not observed within 10 hours but, in contrast, we found a continuous increase in TER after the described TER minimum. The discrepancy between the published data (Noria et al, 1999 ) and the present data might be based on differences between the cell-types or culture conditions, such as cell density, serum concentration, or the passage number of the investigated culture.
We conclude that shear stress-induced change in TER is largely based on the morphodynamic behavior of the cells. The observed moderate changes in paracellular permeability during transition from low to high shear stress levels seem too small to significantly contribute to the development of vascular impairments by increased paracellular permeability.
Materials and Methods
Cell Culture
Endothelial cells derived from pulmonary trunk were isolated and cultured as described elsewhere (Schnittler et al, 1990) . Briefly, pulmonary arteries from freshly slaughtered pigs were washed with PBS (Seromed, Berlin, Germany), filled with 0.1% collagenase (clostridium histolyticum; Boehringer-Mannheim Biochemica, Mannheim, Germany), and incubated for 15 minutes at 37°C in a water bath. Endothelial cells were gently washed off from the vessel wall. The collected cells were centrifuged (10 minutes at 200 ϫ g) and washed twice with medium 199. Cells were cultured to confluence in medium 199 supplemented with 10% FCS (Biochrom, Berlin, Germany), 50 U/ml of penicillin G (Sigma, Deisenhofen, Germany), and 50 g/ml of streptomycin sulfate (Sigma). First or second passage cells were used for the experiments as described.
Rheological In Vitro System
Shear stress was generated in a cone and plate multi-channel rheological in vitro system that was recently described (Dieterich et al, 2000; Schnittler et al, 1993) . Briefly, up to 12 individual measuring chambers can be run in parallel and shear stress between 0
Seebach et al and 200 dyn/cm 2 can be generated. The sheer stress is oriented in a circular direction with a small radial component, which is used for continuous medium exchange. During long time shear stress exposure medium was continuously exchanged via steel capillaries. All experiments were performed in HEPESbuffered M199 supplemented with 10% heatinactivated FCS, 50 U/ml of penicillin, 50 g/ml of streptomycin sulfate, and 3% polyvinyl-pyrrolidone (MW: 360 kDa) to increase the dynamic viscosity, , as described elsewhere (Schnittler et al, 1993) . The cone has a diameter of 28 mm and a cone angel of 2.5°. Transparency of the system allows the on-line observation of endothelial cells by phase-contrast microscopy and time-lapse recording using a video camera. Pictures were taken every 60 seconds.
Thus, manipulated and control cells of the same passage can be investigated at different levels of shear stress at the same times. Determination of cell motility and the cell shape as a function of time (morphodynamics) was performed using self-written image analyses software as described recently in detail (Dieterich et al, 2000) .
Briefly, the image analyses software delivers segmentations of the cells consisting of the cell nucleus and perinuclear organelles, which display high contrast in the time-lapse recordings and typically have areas of approximately 50% of the total cell area. The overall SI describes the cell form and is defined by:
where A is the area, P the perimeter, and N the number of segments for the time point t. The fluctuations, , describe the zigzag movements of cells around the mean locomotion trajectories (Dieterich et al, 2000) .
Impedance Analysis under Shear Stress
Glass slides used for impedance spectroscopy were manufactured in a perfectly parallel manner with a diameter of 4.5 cm. Using a mask with appropriate geometry, thin gold electrodes were evaporated at 10 -5 torr on the glass slide (Fig. 1) . To improve gold adhesion to the glass substrate, a thin chromium layer (50 nm) was previously evaporated in the same layout according to Wegener et al (1999) . The electrode arrangement consisted of three small, independent working electrodes (0.05 cm 2 each) and one largesized counter electrode (6 cm 2 ). The electrode thickness was approximately 150 nm as determined by atomic force microscopy. Because of the large differences in the electrode areas between the measuring electrodes and the counter electrode, the impedance contribution of the counter electrode can be neglected. An inert ring (nontoxic polymethylmetaacrylate) was glued onto the culture glass plate using a noncytotoxic silicon (Elchsiegel, Rhône poulenc, Leverkusen, Germany) to separate the measuring area within the shear space, which is filled with culture medium, from the contact area. To contact the electrodes, short cables were soldered to the peripheral gold areas outside the ring. To acquire impedance spectra from up to nine individual rheological units having three measuring electrodes each, a relay was developed to connect the counter and one of the three working electrodes to an impedance spectrometer (SI-1260A, Solartron Instruments, Farnborough, United Kingdom). Thus, three independent measuring areas within each individual unit were analyzed.
To control relay and impedance spectrometer, we developed and implemented software based on the visual programming language LabVIEW (National Instruments, München, Germany). The program acquired the data and analyzed the impedance spectra. The impedance magnitude |Z| was determined as a function of frequency between 10 Hz and 1 MHz. Each spectrum was analyzed by fitting the parameters of an equivalent circuit (Fig. 2) to the experimental data using the Levenberg-Marquardt algorithm (proportional weighting) (Press et al, 1992) . The equivalent circuit used for data analysis has been described recently. The equivalent model delivers electrode parameters, the ohmic resistance of the medium R bulk , the capacitance of the plasma membranes, and the TER (Wegener et al, 1999) . Data acquisition and analysis of a spectrum consisting of 50 individual frequencies requires approximately 1 minute. Spectra were sequentially recorded from different individual rheological units containing three measuring electrodes each. Typical spectra are shown in Figure 2 .
Antibodies
A polyclonal rabbit antibody, which cross-reacts with the cytoplasmic (C-terminal) domain of classical cadherins (pan-cadherin antibody) and with ␤-actin was purchased from Sigma. Monoclonal antibodies to VEcadherin, ␣-catenin, ␤-catenin, and ␥-catenin were purchased from Transduction Laboratories (Lexington, Kentucky). A polyclonal ␤-catenin antibody was raised in rabbits against a peptide covering the last 21 C-terminal amino acids of ␤-catenin. FITC-or TRITCconjugated secondary antibodies were purchased from Dianova (Hamburg, Germany).
Immunocytochemistry
Cells were fixed with 2% formaldehyde and incubated with the appropriate primary and secondary antibodies, as described above. After several washes with PBS (15 minutes), the coverslips were mounted on glass slides covered with 60% glycerol and 1.5% n-propylgallate as an antifading substance. For double-immunofluorescence cytochemistry (simultaneous localization of ␥-catenin and ␤-catenin or ␤-catenin and ␤-actin), the respective monoclonal antibody was mixed with the polyclonal rabbit ␤-catenin antibody. After incubation with this antibody mixture for 2 hours and subsequent washes with PBS, cell monolayers were incubated for 30 minutes with a mixture of FITC-labeled goat-anti-mouse IgG and TRITC-labeled goat-anti-rabbit IgG.
